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Abstract The Pt/YSZ interface was investigated at low
oxygen partial pressure under high vacuum (HV) condi-
tions at 400 C. Two different electrochemical techniques
were coupled to mass spectrometric gas analysis using a
new solid electrochemical mass spectrometric monitoring
device. Under cathodic polarization, the lack of oxygen in
the gas phase induces the reduction of the YSZ solid
electrolyte which acts as oxygen source for the formation
of O2- ions migrating to the anode. Under anodic polari-
zation, both platinum oxidation and oxygen evolution
reaction are identified. PtOx is formed at both the Pt/YSZ
and the Pt/gas interface according to two different mech-
anisms. At the Pt/YSZ interface, PtOx formation is an
electrochemical process following a parabolic growth law,
while the presence of PtOx at the Pt/gas interface is related
to the diffusion of PtOx formed at the triple phase boundary
towards the Pt/gas interface. It is proposed that the side
oxygen evolution reaction stabilizes thermodynamically
the PtOx diffusion toward the gas exposed interface during
the anodic polarization.
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1 Introduction
Platinum catalyst electrode deposited on yttria-stabilized-
zirconia (Pt/YSZ) is one of the most commonly studied
systems in the field of solid electrochemistry, which
includes gas sensors [1], gas pumps [1], solid oxide fuel
cells [2] and electrochemically promoted catalysts [3].
Over the years, numerous applied and fundamental studies
have been conducted, mainly at high oxygen partial pres-
sure (1–100 kPa). However, due to the complexity of the
system, the electrochemical behavior of Pt/YSZ cells in an
oxygen containing atmosphere at high temperature is still
not fully understood. In fact, the question of electrochem-
ically induced platinum oxide formation and the mecha-
nism of oxygen chemisorption at the platinum catalyst
surface remains a challenging subject of investigation. Due
to the low solubility of oxygen in Pt metal, several studies
do not consider PtO formation during anodic polarization.
However, recent investigations have shown that, during a
prolonged anodic polarization, different oxidized species
are formed at different locations in the system, having a
major influence on the catalyst properties during and after
the polarization step [4–6].
In this paper, we study the electrochemically induced
platinum oxidation/reduction mechanism, using a new
electrochemical technique (solid electrochemical mass
spectroscopy, SEMS) under HV conditions. In this tech-
nique, described in detail in a previous paper [7], an
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electrochemical perturbation is imposed to the Pt/YSZ
interface. This perturbation can lead to the formation of
O2(g) which is analyzed online by mass spectrometry. The
aim of the experiment is to obtain information on the sta-
bility of the YSZ solid electrolyte against cathodic reduc-
tion and on the kinetics of the involved redox couples
(O2/O
2-, PtO/Pt).
2 Experimental
A commercial YSZ 8%mol pellet (Technox 802, Dynamic
Ceramic) was used as substrate on which platinum elec-
trodes were deposited by magnetron sputtering in Ar at
room temperature. The magnetron operates in the direct
current (dc) mode maintaining a discharge of 330 V at an
argon pressure of 1 Pa. Under these conditions, a 1 lm
thick Pt electrode was deposited with a deposition rate of
0.09 nm s-1 on the YSZ pellet, as determined by profilo-
metric measurement (Alphastep, Model 500) of the film
deposited on smooth silicon samples processed simulta-
neously. The size of each Pt electrode (working, counter
and reference) is 7 9 5 mm giving a geometric surface of
0.35 cm2. The working and counter electrodes were located
in a symmetrical face-to-face arrangement on the opposite
sides of the YSZ pellet, and the reference electrode lies
next to the counter electrode. This geometry ensured a
symmetrical current and potential distribution in the cell
[8]. Before use, the sample has been treated at 700 C in
20 kPa O2 during 4 h in order to stabilize the platinum
electrode films [9].
Electrochemical investigations are performed under
high vacuum (HV) conditions (10-6 Pa) at 400 C by solid
electrochemical mass spectroscopy (SEMS) using a setup
described in detail elsewhere [7]. This new electrochemical
technique involves the imposition of an electrochemical
perturbation (PGSTAT30, EcoChemie) to the system while
monitoring directly by mass spectrometry (QMS, Pfeiffer,
Prisma200) the formation of electrochemical products (in
the case of this paper O2(g)), released into the gas phase.
The operating background O2 partial pressure is 10
-7 Pa,
and O2 (46 purity Carbagas certified) is introduced, if
needed, via a UHV leak valve and a capillary stainless steel
gas line. The response time of the system is 0.5 s.
In this paper, the SEMS technique is used by applying
two different types of electrochemical perturbations with
simultaneous MS analysis of the gas phase as follows:
– Perturbation of the Pt/YSZ interface by cyclic voltamme-
try (CV) with a sweep rate of m = 50 mV s-1 in various
potential domains and analysis of the formed O2(g) (if any)
by MS. This technique is reported as Cyclic voltammetry-
mass spectroscopy (CV-MS) measurements.
– Perturbation of the Pt/YSZ interface by double step
chronopotentiometry (DSCP) for different applied
anodic currents and perturbation times, and analysis
of the formed O2(g) (if any) by MS. The DSCP
perturbation includes a pretreatment step (ensuring that
the Pt/YSZ interface is in the same initial state before
each experiment) and a measurement step. The pre-
treatment step consists in a constant cathodic current
step of -30 lA applied for 10 s. The measurement step
consists in a constant anodic current (Ia) step during a
time th (charging) followed by a cathodic current Ic
(discharging) step. This technique is reported as Double
step chronopotentiomentry-mass spectroscopy (DSCP-
MS) measurements.
All potentials (E) have been reported relative to the
Pt,O2(pO2 ) reference electrode, where pO2 is the actual
oxygen partial pressure. In fact, in this one-compartment
set-up, all three electrodes are exposed to the same gas
mixture.
3 Results
3.1 Cyclic voltammetry-mass spectroscopy
measurements
Figure 1 shows the effect of the cathodic potential limit, Ec, on
the CV-MS measurements obtained on the Pt/YSZ interface.
In the first potential domain (-200 mV/1000 mV), a surface
redox couple in the potential region between 100 mV and
600 mV is obtained. The separation between the anodic and
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Fig. 1 CV-MS measurements: Effect of cathodic potential limit Ec
(from -200 to -1100 mV by steps of 100 mV) on cyclic voltam-
mograms of Pt/YSZ interface under HV (left) and corresponding MS
results of O2 evolution (right). Inset: Charges estimated by integration
of the anodic peak as a function of cathodic potential limit. E is
relative to the Pt,O2(pO2 ) reference electrode. T = 400 C, pO2 ¼
107 Pa, m = 50 mV s-1
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cathodic peak (DEp = 200 mV) indicates that the process is
largely irreversible. This surface redox couple is certainly
related to the oxidation/reduction of Pt at the Pt/YSZ interface
(Eq. 1)
PtOxðPt=YSZÞ þ 2xe Pt þ xO2 ð1Þ
The MS response shows furthermore that the onset
potential of O2(g) evolution (Eq. 2)
2O2 ! O2ðgÞ þ 4e ð2Þ
is about 300 mV. This reaction takes places at the triple
phase boundaries (TPBs).
As Ec is decreased below -500 mV, the reduction
current observed in the CV during the forward scan
decreases strongly down to -250 lA for Ec = -1100 mV.
In the reverse scan, an anodic peak is observed which
grows and shifts to less negative potentials with decreasing
cathodic limit Ec. The fact that the involved anodic charge
is almost the same as the cathodic charge indicates that
during the cathodic polarization an electrical charge is
stored at the Pt/YSZ interface, certainly due to YSZ
reduction (Eq. 3)
ZrO2 þ 2deZrO2d þ dO2 ð3Þ
This stored charge is estimated by integration of the
involved cathodic (for PtO reduction) or anodic (for ZrO2-d
oxidation) charge and found to increase with the cathodic
potential limit Ec (insert of Fig. 1). The total amount (more
than 1 mC) indicates that the stored charge is not limited to
the Pt/YSZ interface but penetrates several monolayers
inside the YSZ solid electrolyte. This penetration can be
explained by the electronic conductivity of the reduced YSZ
which creates a new interface (YSZ)reduced/YSZ allowing
electron transfer through the reduced YSZ. As shown from
the MS response, no oxygen evolution is involved in this
potential domain (-200 to -1100 mV). In fact, considering
the single chamber configuration of the setup it is suggested
that the weak oxygen release observed on the MS results is
related to the strong oxygen evolution reaction taking place
at the counter electrode.
Figure 2 shows the influence of the upper potential
limit, Ea, on the CV-MS measurements. The anodic
potential limit does not affect the electrochemical behavior
of the YSZ solid electrolyte but has a strong effect on the
development of the Pt/PtOx redox couple. In fact,
increasing Ea results in an increase of the involved cathodic
charge related to the reduction of PtOx and in a potential
shift to more positive values of the reduction peak. The
stored charge related to this reduction process is estimated
by integration of the cathodic peak, and is found to increase
linearly with the anodic reverse potential (right insert in
Fig. 2). The electrochemical process involved in this
potential domain is attributed to the electrochemical for-
mation/reduction of a PtOx layer at the Pt/YSZ interface,
according to reaction 1.
The total amount of stored charge (&0.1 mC) indicates
that in this case the penetration is limited and the stored
charge is mainly located at the Pt/YSZ interface under the
investigated conditions. As it is shown in the MS response,
the rate of oxygen release, rO2 , increases as the potential
exceeds 300 mV. This is attributed to the oxygen evolution
reaction (OER) taking place at the triple phase boundaries
(TPBs) according to reaction 2. When the potential is
reversed, this reaction slows down and rO2 decreases in a
quasi-reversible way down to 700 mV (confirming a
response time \ 1 s) then remains higher than the forward
scan forming a plateau between 750 mV and 500 mV
(rO2 ¼ 30  1012 mol O s1) before decreasing to zero
at 300 mV. This process of oxygen release does not seem
to be related to any electrochemical process but rather to
desorption of oxygen from the Pt surface according to
reaction 4:
PtOx ! x
2
O2ðgÞ þ Pt ð4Þ
Figure 3 shows the influence of the oxygen partial
pressure on the YSZ stability (Eq. 3), platinum oxidation/
reduction (Eq. 1) and oxygen evolution (Eq. 2) processes.
Notice that the oxygen evolution reaction could not be
followed by the MS due to the intrinsic high oxygen partial
pressure in these experiments. Hence in this part, only cyclic
voltammograms recorded at different pO2 are presented
(Fig. 3). One can see that increasing pO2 affects both the
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Fig. 2 CV-MS measurements: Effect of anodic potential limit Ea
(from 400 to 1000 mV by steps of 100 mV) on the cyclic
voltammogram of Pt/YSZ interface under HV (left) and correspond-
ing MS results of O2 evolution (right). E is relative to the Pt,O2(pO2 )
reference electrode. T = 400 C, pO2 ¼ 107 Pa, m = 50 mV s-1.
Right inset: Charges estimated by integration of the cathodic peak as a
function of anodic potential limit. Left inset: Magnification of the MS
response in the 300 to 800 mV domain
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stability of the YSZ solid electrolyte and the kinetics of the
surface PtOx/Pt redox couple. In fact, increasing pO2 results
in a strong decrease of the stored charge during cathodic
polarization at Ec = -1100 mV indicating an increase of
YSZ stability against electrochemical reduction. Further-
more, the cathodic PtOx reduction peak shifts to less positive
values with increasing pO2 .
3.2 Double step chronopotentiomentry-mass
spectroscopy measurements
Figure 4 displays the influence of the anodic current Ia on
the chronopotentiometric curves and on the corresponding
oxygen evolution monitored by MS (DSCP-MS measure-
ments). The anodic charging step is performed by applying
increasing anodic currents from 10 to 100 lA in steps of
10 lA during 60 s. The current is then reversed to -30 lA
(discharging step) until the measured potential reaches its
initial value (-600 mV). Four main domains can be
distinguished:
• Domain I (from 0 to 10 s) where the potential reaches a
plateau at about -400 mV. In this domain, strongly
shortened with increasing Ia, there is no oxygen
evolution and the main reaction is the oxidation of
reduced YSZ produced during the pretreatment step
(reverse of Eq. 3).
• Domain II where the potential increases rapidly from
-400 mV to almost the open circuit potential. In this
domain, also shortened with increasing Ia, both the PtOx
formation (reverse of Eq. 1) and oxygen evolution
(Eq. 2) take place. However, the former reaction seems
to predominate.
• Domain III where the potential increases slowly. In this
domain both PtOx formation and O2 evolution take
place, however the O2 evolution (Eq. 2) seems to
dominate.
• Domain IV where the potential decreases slowly
reaching almost the initial value. In this domain the
reduction of PtOx (Eq. 1) dominates. This domain gets
larger with increasing Ia, in relation with the increasing
amount of formed PtOx with increasing Ia. The release
of O2 in this domain (Fig. 4b) under cathodic polari-
zation is very intriguing. This process should involve an
oxygen containing species located far from the elec-
troactive Pt/YSZ interface. As suggested in the CV-MS
investigation, this may involve desorption of oxygen
species lying at the Pt/gas interface according to
reaction 4. In fact, it is speculated that during the
anodic polarization step, the oxygen discharged at the
TPB diffuses slowly toward the gas exposed interface.
Figure 5 displays the influence of the anodic holding
time th on the DSCP-MS measurements. During the
charging step, an anodic current of 50 lA is applied for
-1500 -1000 -500 0 500 1000 1500
-400
-300
-200
-100
0
100
200
300
I /
 µ
A
E / mV
Increasing Po2
Increasing Po2
Oxygen partial pressure / 10-8 mbar
Q 
/ m
C
Fig. 3 CV-MS measurements: Effect of O2 partial pressure (pO2 ) on
cyclic voltammograms of Pt/YSZ interface under HV; pO2 ¼
1  107 Pa, 5 9 10-7 Pa, 1 9 10-6 Pa, 3 9 10-6 Pa, 5 9 10-6 Pa,
7 9 10-6 Pa and 9 9 10-6 Pa. E is relative to the Pt,O2(pO2 ) reference
electrode. T = 400 C, m = 50 mV s-1. Inset shows the charge
estimated by integration of the anodic peak
Fig. 4 DSCP-MS measurements : Current-reverse chronopotentio-
metric transients for anodic polarization with increasing current from
10 to 100 lA by steps of 10 lA; cathodic current is kept at -30 lA
(a) and corresponding MS results of O2 evolution (b). E is relative to
the Pt,O2(pO2 ) reference electrode. T = 400 C, pO2 ¼ 107 Pa
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increasing holding time (60 to 300 s by steps of 60 s). The
current is then reversed to -50 lA until the potential
decreases to its initial value of -700 mV (discharging
step). The general feature and interpretation of the results
obtained here (Fig. 5a and b) are similar to those reported
in Fig. 4. However, on the obtained E–t curves (Fig. 5a) in
domain IV, the applied cathodic current induces the
reduction of PtOx (formed in domain I and II) to metallic
platinum. The potential of the electrode returns to its initial
value (E = -700 mV at t = 0 s) due to the decrease of
PtOx surface concentration. The process can be regarded as
titration of PtOx present at the electrode surface at the end
of the anodic polarization by the applied cathodic current.
The E–t curves observed in the domain IV are similar to
those obtained for a potentiometric titration (E as function
of titrant added, Ic 9 t). When the PtOx surface concen-
tration drops to zero at the electrode/electrolyte interface,
the potential reaches its initial value. In this domain, the
time needed for the potential to reach its initial value is
reported as the titration time s. It is related to the surface
concentration of PtOx. The variation of s with the anodic
polarization time is given in the insert of Fig. 5. The
titration time, s, first increases with polarization time, th,
and then saturates at large anodic polarization times (insert
in Fig. 5a).
4 Discussion
Based on the presented DSCP-MS results, one can define
the current efficiencies of the oxygen evolution reaction,
gO2 (Eq. 5), PtOx formation at the Pt/YSZ interface, gPtO
(Eq. 6), and PtOx formation at the Pt/gas interface, gO
(Eq. 7),
gO2 ¼
QO2
QTotal
ð5Þ
gPtO ¼
QPtO
QTotal
ð6Þ
gO ¼
QO
QTotal
ð7Þ
where QO2 is the equivalent charge of oxygen evolved
during the anodic polarization step, determined from the
MS results (Figs. 4b and 5b), QPtO is the equivalent charge
of PtOx reduced electrochemically during the cathodic
polarization (Figs. 4a and 5a), QO is the equivalent charge
of oxygen released during the cathodic polarization deter-
mined from the MS results (Figs. 4b and 5b) and QTotal is
the total applied anodic charge (Ia 9 th).
Figures 6 and 7 show the influence of anodic polarization
current, Ia (ta = 60 s) and polarization time ta (Ia = 50 lA)
on gO2 , gPtO and gO. Increasing Ia and th result in a strong
decrease of gPtO with a concomitant increase in gO2 . In fact,
the formation of a PtOx layer at the Pt/YSZ double phase
boundary appears as a barrier to further oxide growth (auto-
inhibiting reaction) without affecting the oxygen evolution
reaction. Worth to notice that gO increases with the applied
Fig. 5 DSCP-MS measurements : Effect of anodic polarization time
on the current-reverse chronopotentiometric transients (a) and
corresponding MS results of O2 evolution (b), Ia = 50 lA, Ic =
-50 lA, ta = 60, 120, 180, 240 and 300 s. E is relative to the
Pt,O2(pO2 ) reference electrode. T = 400 C, pO2 ¼ 107 Pa Inset:
Dependence of s on the polarization time
Fig. 6 Effect of anodic polarization current Ia on the current
efficiencies gO2 (left), gPtOx (left) and gO (right) determined from
steady state DSCP-MS experiment of Fig. 4
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anodic current Ia but remains at a constant value indepen-
dent of the anodic polarization time. This is an indication
that saturation of available adsorption sites on the gas
exposed Pt surface is rapidly achieved.
The electrochemical investigation of the Pt/YSZ system,
performed in HV under low oxygen partial pressure at
400 C by both CV-MS and DSCP-MS measurements
revealed that the O2- ions present in the solid electrolyte
are involved in three main different electrochemical pro-
cesses upon anodic/cathodic polarization.
4.1 Zirconia oxidation/reduction (reaction 3)
Because of the absence of oxygen in the gas phase, upon
cathodic polarization, zirconia acts as an oxygen source for
the formation of O2- ions according to Eq. 3. This induces
a non-stochiometric, d, depletion of oxygen in the YSZ
solid electrolyte lattice which is known in the literature as
YSZ blackening [9–14]. This process is commonly repor-
ted to be dependent on the oxygen activity in the solid
electrolyte, on the temperature and on the oxygen partial
pressure [13].
Worth to notice that upon elapsing cathodic polarization
time, the reaction front of zirconia reduction advances
toward the inside of the solid electrolyte. In fact, in the
vicinity of the cathode, YSZ is suggested to behave as a
mixed ionic and electronic conductor allowing the electron
supply from the platinum cathode to the reactive sites sit-
uated at the YSZ subsurface.
4.2 Platinum oxidation/reduction (reaction 1)
and oxygen evolution (reaction 2)
Under anodic polarization of the Pt/YSZ interface, two
reactions take place in parallel: PtOx formation (reaction 1)
and oxygen evolution (reaction 2). The evolution of the
current efficiency for these reactions demonstrates that the
platinum oxidation reaction, taking place at the Pt/YSZ
interface, is rapidly limited by an auto-inhibited oxide
growth mechanism (Fig. 7). However, during the anodic
polarization, a fraction of the oxygen discharged at the
TPBs seems to migrate toward the Pt/gas interface. One
should notice that, according to the thermodynamic
investigation proposed by Berry [15] and Vayenas [16],
under the low oxygen partial pressure applied herein
(pO2 ¼ 109 mbar), PtOx is thermodynamically unstable. In
fact, at 400 C the partial pressure of oxygen should
increase up to 1 Pa in order to stabilize PtOx [15, 16].
However, one may assume that the massive release of
gaseous oxygen at the TPB induced by the oxygen evolu-
tion reaction (reaction 2) creates a huge local increase of
pO2 at the platinum gas exposed surface. The species
formed at the TPB by O2- discharge are then proposed to
populate the Pt/gas interface during the anodic polarization
forming PtOx at the gas exposed interface (PtOx (Pt/gas)).
This oxide seems to be stable only under conditions of O2
evolution.
Both CV-MS and DSCP-MS measurements revealed an
oxygen storage mechanism involving several oxygen
storage locations in the Pt/YSZ system as already reported
under atmospheric pressure [4–6]. However, in HV con-
ditions at low oxygen pressure, one should consider that
YSZ becomes electrochemically active endowing the
electrolyte with a mixed ionic electronic conducting char-
acter in the vicinity of the cathode.
Initially one can consider that the system is composed of
a homogeneous stochiometric YSZ solid electrolyte sup-
porting pure metallic platinum electrodes. Under polari-
zation (Fig. 8), platinum oxidation and oxygen evolution
reaction take place at the anode and, because of the lack of
gaseous oxygen zirconia is reduced at the cathode.
Cathode : ZrO2 þ 2de ! ZrO2d þ dO2 ð8Þ
Anode : Ptþ xO2 ! PtOx þ 2xe ð9Þ
O2 ! 1
2
O2ðgÞ þ 2e ð10Þ
PtOðtpbÞ ! PtOðPt=gasÞ ð11Þ
At the cathode, the lack of gaseous oxygen induces the
reduction of zirconia which acts as oxygen source for O2-
formation and subsequent migration to the anode. Despite
this local mixed ionic and electronic conductive character,
the bulk of the YSZ solid electrolyte is expected to behave
purely as an ionic conductor under the experimental
conditions. The O2- ion supply to the Pt anode through
YSZ is then supposed to be of a constant rate r = I/2F
during galvanostatic polarization.
Fig. 7 Effect of holding time th of anodic polarization on the current
efficiencies gO2 (left), gPtOx (left) and gO (right) determined from
steady state DSCP-MS experiment of Fig. 5
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In the first moment of the anodic polarization, the effi-
ciency of PtOx formation is close to 1 and that of OER is
close to zero, and rapidily a monolayer of PtOx is formed at
the Pt/YSZ interface. However, this PtOx formation, which
takes place according to a parabolic growth law, is an auto-
inhibited reaction, and gPtO decreases with elapsing time
while gO2 increases. In fact, the dominant oxygen evolution
reaction is suggested to create a dramatic increase of
oxygen partial pressure in the vicinity of the Pt/gas inter-
face. Under such conditions, the formation of PtOx at the
gas exposed interface becomes thermodynamically favored
and a fraction of atomic oxygen electrochemically formed
at the triple phase boundary slowly migrates toward the
Pt/gas interface forming PtOx exposed to the gas phase.
5 Conclusion
The electrochemical investigation of a sputtered platinum
electrode deposited on YSZ polycrystalline substrate was
performed under high vacuum conditions (pO2 ¼ 107 Pa)
at 400 C. The coupling of both transient and steady state
electrochemical techniques to mass spectrometry (CV-MS
and DSCP-MS measurements) allowed to impose a current/
potential perturbation while monitoring online the O2(g)
formation taking place. The main findings on the electro-
chemical behavior of Pt/YSZ system revealed by this ori-
ginal approach are:
• Under cathodic polarization, YSZ is reduced in the
vicinity of the Pt/YSZ interface acting as an oxygen
source for the formation of O2- ions. This implies YSZ
blackening which gives mixed ionic/electronic charac-
ter to the solid electrolyte. In fact, this allows electron
supply from the platinum electrode to the reactive sites
involved which are situated at the YSZ subsurface. As a
consequence, the reaction front moves forward to the
inside of the YSZ solid electrolyte.
• Under anodic polarization, first a PtOx layer is formed
at the Pt/YSZ interface according to a parabolic growth
law. At a later stage, oxygen evolution reaction (OER)
takes place at the triple phase boundary inducing a
dramatic increase of oxygen partial pressure in the
vicinity of the Pt/gas interface. As a consequence, the
thermodynamic stability of PtOx rises up allowing
the migration of oxygen, discharged at the TPB,
toward the gas exposed Pt surface. Worth to mention
that this PtOx species is decomposed when the OER
stops and the initial oxygen partial pressure is restored
in the vicinity of the Pt/gas interface.
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